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1. Introduction 

The data collected at the Large Hadron Collider (LHC) at CERN have led to many exciting 
results §■ In the search for new particles, the Higgs boson was eventually detected at the ATLAS 
and CMS detectors. It will be exciting to explore the properties of the Higgs in more detail in 
the future. In contrast to the discovery of the Higgs boson, no new particles originating from 
physics beyond the Standard Model (SM) were found at the high-energy frontier so far. Concerning 
the high-precision frontier, which is the domain of flavour - in particular B - physics, there was 
impressive progress in studies of CP violation and rare decays at the LHC, where the key role was 
played by the dedicated LHCb experiment, complemented by studies at ATLAS and CMS. 

The LHC results have triggered a lot of interest in the theory community, which is reflected by 
many analyses in the recent literature. The measured flavour observables were found to be globally 
consistent with the SM picture although “tensions" with respect to the SM have recently emerged 
in a variety of rare B-decay observables. These exciting phenomena, which are unfortunately not 
yet conclusive, offered hot topics for presentations and discussions at this conference. 

The LHC data have the following implications for the general structure of new physics (NP): 
we may encounter a large characteristic NP scale Anp, or (and?) symmetries may prevent large 
NP effects in the flavour sector and processes originating from flavour-changing neuttal currents 
(FCNCs). The most prominent example of scenarios with the latter feature is given by NP models 
with “Minimal Flavour Violation" (MFV), where the flavour and CP violation is - sloppily speaking 
- the same as in the SM. For a more detailed discussion, see [^. 

New perspectives both for direct NP searches at ATFAS and CMS and for indirect searches in 
high-precision flavour analyses will arise at the recently started run 2 of the FHC with almost the 
double centre-of-mass energy of 13 TeV of the colliding protons. The FHC energy is obviously 
the key parameter for the production of new particles at this collider. However, also the production 
of B mesons, which are the key players in flavour physics research, is almost doubled thanks to 
the higher energy of the FHC. There is a fruitful interplay between FHC and flavour physics, as 
discussed in more detail in |^]. 

2. Theoretical Framework 

In theoretical analyses of B decays, a huge hierarchy of scales arises, ranging from NP scales 
Anp ~ 10(° --^ TeV over the electroweak scale Apw ~ 10^* TeV to long-distance scales Aqcd ~ 
10^^ TeV, which are related to hadronic bound state effects of strong interactions described by 
QCD. Effective field theories offer the appropriate framework to deal with this situation: the heavy 
degrees of freedom (NP particles, top quark, Z and W bosons) are “integrated out" from appearing 
explicitly and are encoded in short-distance loop functions, perturbative QCD corrections can be 
calculated in a systematic way, with renormalisation group techniques allowing the summation of 
large logarithms log(jUsD/AtLD)- This machinery was successfully applied to the SM and various 
NP scenarios 0. The transition amplitude of a decay R —;■ / is given as the matrix element of a 
low-energy effective Hamiltonian In the SM, it takes the following general form 0: 

(/l^efflB) = (/|<2^(At)|B), (2.1) 

v2 j k 
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where Gp is Fermi’s constant and the products of CKM matrix elements; the short- 

distance physics is described by the Wilson coefficient Q(/x), which can be calculated in perturba¬ 
tion theory. In the presence of NP, the Q(/i) may get new contributions - also with CP-violating 
phases - and new operators may arise. 

The long-distance contributions to the transition amplitude in ( ^!T| ) are encoded in the hadronic 
matrix elements (/|2^(/i)|B). These non-perturbative quantities limit the theoretical precision of 
flavour physics observables. However, fhere has recenfly been impressive progress in laffice QCD 
for fhe calculation of B decay consfanfs and form factors which enfer fhe rare —)• and 

semilepfonic decays [^. For a detailed overview, the reader is referred to the Flavour Lattice 
Averaging Group (FLAG) |^, and the discussion in ||^. 

Concerning the theoretical description of non-leptonic B decays, QCD factorisation (QCDF) 
|§], the perturbative QCD (PQCD) approach [1^], Soft Collinear Effective Theory (SCET) [jlll], 
and applications of QCD sum rules [ p^ offer interesting frameworks. There has been technical 
progress, such as the recent calculation of the two-loop current-current operator contribution to the 


QCD penguin amplitude ||13[|. Nevertheless the theoretical description of non-leptonic B decays 
remains generally a challenge, also in view of patterns in the experimental data. Eor a further 
theoretical discussion of non-leptonic B decays, see 0 - 

Non-leptonic B decays play the key role for the exploration of CP violation as the correspond¬ 
ing CP asymmetries are generated through interference effects which show up in such transitions. 
Eortunately, the hadronic matrix elements cancel in certain observables or can be determined with 


the help of amplitude relations between various processes [15|: there are methods using exact rela¬ 
tions, others neglecting certain contributions - typically from penguin topologies - and strategies 
exploiting the flavour symmetries of strong interactions. In the future era of measurements with 
even higher precision, it will be essential to get a handle on the corresponding theoretical uncer¬ 
tainties, with the goal to match the theoretical with the experimental precision. 


3. Studies of CP Violation 


In the SM, flavour and CP violation is described by the Cabibbo-Kobayashi-Maskawa (CKM) 
matrix [|I^, which can be illustrated by the Unitaiity Triangle (UT) with its angles = jS, ^2 = ct 
and ^3 = 7 . A variety of flavour-physics observables can be converted into constraints for the apex 
of the UT, utilising a fruitful interplay between theory and experiment. Over the last 15 years, 
since the start of the B factories with the BaBar and Belle detectors at SEAC and KEK, 
respectively, we have seen impressive progress in the determination of the UT, which is reflected 
by the continuously updated analyses by the CKMfitter [|F^] and UTfit |18] collaborations. 


3.1 Determination of 7 

Booking at the UT angles, 7 has the largest uncertainty. Using decays of the kind B —)• 
and Bs —)• DJK^, which receive only contributions from tree-diagram-like topologies, 7 can be 


determined in a theoretically clean way [19, 20], where in the latter case of the Br^ modes B^-B'’ 
mixing is exploited. In the corresponding strategies, simply speaking, the hadronic matrix elements 
cancel in the corresponding observables. Moreover, these modes are very robust with respect to NP 
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contributions and therefore offer reference determinations of the SM value of 7 . The current data 
for the B —)• modes yield 


7 = [CKMfitter], 


7 = (68.3 ±7.5)° [UTfit]. 


(3.1) 


1 ° is 


In the era of Belle II [ pT| ] and the LHCb upgrade |^], an experimental uncertainty of Ayexp 
expected, which is a very impressive and exciting perspective. 

Decays with loop contributions offer also strategies to determine 7 . Here —)• 7i7i,nK,KK 

decays play the key role, where amplitude relations following from the SU (3) flavour symmetry of 
strong interactions can be complemented with QCDF/SCET/PQCD calculations of SU (3)-breaking 
corrections. The goal is to compare the value of 7 following from the pure tree decays with the value 
of 7 extracted by means of decays with loop contributions. The central question related to these 
analyses is whether discrepancies between the tree and loop determinations of 7 will eventually 
show up, which would indicate new sources of CP violation. 

The most promising system for the latter kind of strategies involving loop topologies is given 
by the 


K+K 


71+71 decays, where the hadronic parameters can be related to one an¬ 


other with the help of the U -spin symmetry of strong interactions ||^, |^. Using data for branching 
ratios and CP violation, 7 = (67.7+jQ|input^3'7|[/spin)° was extracted, where the uncertainties due 
to the input quantities and U -spin-breaking corrections were made explicit This result 

is in impressive agreement with the pure B —tree decay results in ( 0 ). 

An interesting variant of this strategy was proposed in [^]. It combines the —)• K^K , 

f/-spin method [^] with the Gronau-London isospin analysis of the B ^ KK system 


dO 


[^]. The LHCb collaboration extracted 7 = (in good agreement with the result given 

.0 


gg; for the B^-B^ mixing phase []29|], including also the first 


above) and = “(6-9+gQ)° 

measurements of CP violation in the B^ — K^K channel, which have still large uncertainties. The 
combined analysis of 7 is more robust with respect to U -spin-breaking effects. However, for values 
of an U-spin-breaking parameter k smaller than 0.5, the differences with respect to the original 
Bs —)• K^K , Bd —)• 71+71^ strategy are very small. An interesting feature is the determination of 


[24, 25], which turns out to be particularly stable with respect to U-spin-breaking effects. 


Yet another variant of the f/-spin method has recently been proposed in [30], applying it to 
B —)■ PPP decays. It employs ^ {h = K, n) decays, where time-dependent Dalitz plot 

analyses allow the measurement of the corresponding branching ratios and CP asymmetries. The 
[/-spin method to extract yean be applied - in analogy to the B, —)■ K^K , —)■ 71 + 71 ^ system - 
at each point of the Dalitz plot. A potential advantage of using three-body decays is that the effects 
of U -spin breaking may be reduced by averaging over the Dalitz plot. 


3.2 CP Violation in [j —)■ 5 Penguin-Dominated Modes 

There is plenty of data on B decays into CP eigenstates that are dominated hy b ^ s penguin 
processes 0 - The direct and mixing-induced CP asymmetries of these modes may encode con¬ 
tributions from physics beyond the SM, but due to currently large uncertainties such effects cannot 
be resolved. The future challenge is the control of the hadronic uncertainties. 

A particularly interesting decay in this respect is given by B^ —)■ [32, 33 [. In this case, 

there is an isospin relation between the amplitudes of the neutral B —)■ kK modes, which implies a 
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correlation between the CP asymmetries of the BP —)■ 7r'’^s channel: 

+A{B^^K-K+) = - [(f+Cy> + Pew] 

^ V 

(f+ C)(c'>-^e'“) 


(3.2) 


Here the A 3/2 amplitude can be fixed through the B+ —)■ 71+71*^ branching ratio with the help of the 
SU (3) flavour symmetry. This quantity is well behaved within QCD factorization, which allows 
the inclusion of SU (3)-breaking corrections. The data for the CP-violating —)• asymme¬ 
tries show an intriguing picture with respect to the SM correlation [^]. The current uncertainties 
are unfortunately too large to draw definite conclusions. The decay —)■ and the analysis 

proposed in is an interesting playground for the Belle II experiment. 

As electroweak penguins, which are encoded in the parameter qe'^ in (3.2), have a signifi¬ 


cant impact, NP in this sector may resolve this situation. Such kind of physics beyond the SM 
is currently a hot topic in view of the —)■ “anomaly" discussed below, which could 

be accommodated, for instance, thi'ough models with extra Z' bosons. In view of this situation, 
also other non-leptonic B-meson decays with sensitivity to electroweak penguins are put into the 
spotlight: 

B+ ^ 71^K+, ^ 00, ^ 7r°0, ^ P°0, 

These modes and possible signs of NP in the corresponding B-factory data were hot topics quite 
some time ago (see, e.g., 1^, ^]). It will be interesting to monitor these modes in the future. 


3.3 Precision Measurements of the B°-B° Mixing Phases 


Interference effects between B^-B^ mixing and decay processes give rise to mixing-induced 


CP violation ||15[]. These phenomena involve the CP-violating phases 

0d = 2^ -b 0^^, 0i = —207-b 0 ]' 


r, 


(3.3) 


where the SM contributions originating from box topologies are given by the UT angle j3 and 
07= A and T] are Wolfenstein parameters [p7|]. The decay B^ —)■ J/yKs plays the central 
role for the determination of 0^ while the B^ — J/y^ channel gives access to the phase 0^. In the 


presence of CP-violating NP contributions to B°-B[J mixing, which may also arise at the tree level. 


the phases 0 ^+ differ from zero [|380. 


If penguin contributions to B^ —)• J/y^s and B^ ^ J/y^ decays are neglected, the hadronic 
matrix elements cancel in the mixing-induced CP asymmetries, thereby allowing the extraction of 
(pci and (ps (for a detailed discussion, see [[T5|]). In view of the agreement of the current measurements 
with the SM and the future era of experimental high-precision analyses, the penguin contributions. 


which are doubly Cabibbo-suppressed, have to be controlled [|39|]-[48]. 


3.3.1 The B« 


J/ Y^s, > J/yKs System 


The decay amplitude of the B^ —)• J/y^s channel takes the following form: 


A(b 2 ^ J/yKs) = (1 - A V2) 


1 -b £ae‘^ e‘^ 


(3.4) 
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where the parameter a'e'^' with e = A^/(l — ~ 0.05 describes contributions from doubly 

Cabibbo-suppressed penguin topologies [|^], which are usually neglected. The general expres¬ 
sion for the mixing-induced CP asymmetry taking them into account is given by 


-^^^ + 

s/l-C{Bd^J/YKs)^ 

where the hadronic phase shift A(pd is fixed through 

sinA^^oc 2ea cosO'siny-\-e^a^sinly 
cosA0^ oc 1 -f 2ea'cos d'cosy + E^a'^cos2y, 


(3.5) 

(3.6) 

(3.7) 


characterising the impact of the penguin contributions [|43|]. 

At Belle II and the LHCb upgrade, the experimental precision requires the control of the pen¬ 
guin corrections to reveal possible CP-violating NP contributions to B^-B^ mixing. The hadronic 
phase shift A(pd cannot be calculated in a reliable way. On the other hand, it can be determined with 
the help of experimental data for “control channels". 

The most prominent example is given by B^ —)■ J/yKs p9|]. Its key feature is the following 
structure of the decay amplitude: 


A{B^,^J/yKs)' 


1 — ae‘^e‘^ 


(3.8) 


where the parameter ae'^, which is the counterpart of a’e'^', is not suppressed by the tiny e. The 
U -spin symmetry implies the relation 

(3.9) 


ac'® = a'e'^ , 


thereby allowing the control of the penguin effects in the determination of j8 from the CP violation 
in the 6° —)■ J/yKs channel [^, £7]. 

Using the SU (3) flavour symmetry with further dynamical assumptions on the neglect of ex¬ 
change and penguin annihilation topologies, a global analysis of the data on B —//t/rX decays 
yields the following results 


a = 0.19lO;j5, 


0 = (179.5±4.0)' 


(/.^ = (43.21};^) . 


(3.10) 


The corresponding hadronic phase shift A0J'^® = — (1-10 £q gives guidance for the importance 
of penguin effects. Internal consistency checks of the B —)• J j^X data look fine and do not indicate 
any anomalous features. 

In the future, there will be exciting prospects to go beyond this global fit analysis by means of 
precision measurements of CP violation in B^ —)• J/yKs. The results in ( 3.10D correspond to the 
following SM predictions: 




■J/yKI)\sm = -b0.003± 0.021 
■J/yKI)\sm = -0.29 ±0.20. 


(3.11) 


The LHCb collaboration has recently reported the first measurement of these observables [^] : 


CP 


(B. 




■J/yKI) = -0.28 ± 0.41 (stat)±0.08(syst) 
■J/yKI) = ±0.08±0.40(stat)±0.08(syst), 


(3.12) 
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which have still large uncertainties. As discussed in detail in [47], the measurement of CP violation 
in —)■ 7/ t/rA's will allow the control of the penguin effects in —)• Z/t/rA's at the LHCb upgrade, 
with additional powerful tests of non-factorisable C-spin-breaking effects. 

For the Belle II experiment, the mode, which is obtained from —)• J/yK^ 

by replacing the strange spectator quark through a down quark, will be an interesting penguin 
control channel [^]. In this case, exchange penguin annihilation amplitudes have to be neglected 
in —)■ Z/ VTTT*’ as they have no counterpart in B^ —)■ Z/yrA's- These effects are expected to be tiny 
and can be probed through B^ —)■ Z/t/r;!*’ and B° —)• Z/t/rp°. There is no evidence for these channels 
in the current LHCb data. 


3.3.2 The B” —> Z/y/'^, B^ —Z/t/rp°, B" — J/yK*^ System 

In the decay B® —)• J/y'P-i the final state is a mixture of CP-odd and CP-even states, which 


have to be disentangled through the angular distribution of the Z/i/r[—)• p+p 
products [^, ^, 1^]. The impact of SM penguin contributions is similar to B° 


]0[—)■ A'+A' ] decay 

Z/t/r^s [011]: 


A fB^ ^ {J/W^)f) = ( ^ “ Y 






(3.13) 


where the label / distinguishes between the CP-even and CP-odd final slate configurations 0, || 
and _L, respectively. The penguin parameters (a^, 6^) are expected to take different values for 


the different final-state configurations /, in contrast to the situation within factorisation [[40|]. The 
phases extracted from the CP-violating observables take the following form: 




f 

's 5 


(3.14) 


where the hadronic phase shifts A^/ are proportional to the penguin parameters ea'^ [p4[]. 


The LHCb collaboration has recently reported the first polarisation-dependent results for 


eff 

. Within the uncertainties, which are still sizeable, no differences between the (pfj^ could be re¬ 
vealed. This analysis represents a pioneering first step, with interesting future prospects. Assuming 
polarisation-independent values of the penguin parameters yields 


= + = -(3.32 ±2.81 ±0.34)°. 


(3.15) 


The decay B° —)■ Z/i/rp** is described by the amplitude 

Via (b[J ^ (j/yp^)/) = 


(3.16) 


which has a structure that is analogous to those of the B^ —)• J/y'V^ and B^ —)• J/yKs amplitudes. 
In particular, it shows also “magnified" penguin contributions, and allows to control the penguin 
corrections in B^’ —)• Z/ [0]. It should be noted that the hadronic parameters in B°^ — Z/yrA'g 


and B^ —)• J/yP^ are generally expected to differ from one another. 


Following the methods proposed by Zhang and Stone [54], the LHCb collaboration has re 


.0 


cently reported the first measurements for CP violation in the B^ 


■J/YP^ channel [55]. Assum¬ 


ing universal hadronic parameters amp, dmp and employing the value of (pd in (3.10), a Of to the 


data yields the following results 0470 : 


*\i/p 


= 0.037 


+0.097 
-0.037 ! 




+ 181 


14l) 


AY 


J/¥P° 


=-v-5Viy 


(3.17) 
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Using the relations 




with = 1.00 ±0.20 and 5 = (0±20)° gives the hadronic phase shift 

= [0.08+°;5f (stat)l°;}5 {SU{3))]°, 


(3.18) 


(3.19) 


which is consistent with the result obtained in [pSQ. The comparison with ( |3.15| ) shows that this 
analysis puts already an impressive constraint on the hadronic penguin uncertainties. 


Another interesting aspect of the analysis in [ 147| ] is the extraction of the hadronic amplitude 
ratios —)• —)■ J/xj/p^)] from the LHCb data and their comparison with fac¬ 

torisation using form factors from QCD light-cone sum rules and a recent PQCD analysis 

. The ratios following from the experimental data do 


[]57[]. For further details and updates, see 
not indicate any large non-factorisable SU (3)-breaking corrections, thereby supporting the SU (3) 
assumption when relating the J/WP^ penguin parameters to their —)■ J counterparts. 

Another penguin probe is offered by the decay 


[Q. In contrast to 7/ 
the final state is flavour-specific and the decay does not exhibit mixing-induced CP violation. In 
0 , a new strategy and roadmap to control the penguin corrections in the extraction of (pd and (ps 
from B — J(yX decays in the era of Belle II and the LHCb upgrade was presented. In this analysis, 
there is interesting interplay between the methods using B^ and Bd decays. Following these lines, 
the expected future impressive experimental errors can eventually be matched by theory. 


3.4 Another Penguin Playground: B — )• DD Decays 

This decay system offers yet another laboratory for CP violation and strong interactions. In 
particular, the B°-B^ mixing phases can be determined through CP-violating asymmetries, ex¬ 
change and penguin annihilation topologies can be probed and insights into flavour symmetry 
relations can be obtained [^, , H, UK]. A comprehensive study of the anatomy of B —DD 
decays has recently been performed in [EtI]. This analysis finds enhanced exchange and penguin 


annihilation topologies, indications for significant penguin contributions, discusses factorisation 
tests employing semileptonic B^ —)• Dft^Vi modes, and sheds light on the importance of SU (3)- 
breaking effects. Moreover, the prospects for the LHCb upgrade and Belle II era were discussed, 
where a measurement of the B° ^ Dfi^Vi decay would be an interesting new ingredient for the 
B —)■ DD analysis. The detailed implementation of the penguin strategy depends on the values 
of the measured observables, which will eventually allow us to control the penguin effects in the 
determination of (ps from the CP asymmetries of the B° —)■ D+D+ channel. 


4. Perspectives for Rare B Decays 

Rare decays of B mesons complement studies of CP violation in a powerful way. In the SM, 
these FCNC processes do not receive contributions at the tree level. They offer various interesting 
ways to probe the flavour structure of the SM and to search for footprints of new interactions and 
particles. The field of rare B decays is very rich 0. In the following discussion, the main focus 
will be put on the perspectives for rare B° decays and new observables for the LHC upgrade era. 
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4.1 The decay —)• 


In the SM, this channel receives contributions from penguin and box topologies and is he- 
licity suppressed, with a branching ratio proportional to Consequently, the decay is strongly 
suppressed and very rare indeed, which makes the experimental analysis challenging, despite the 
favourable signature with two muons in the final state. On the other hand, the hadronic sector is 
very simple as only leptons are present in the final state. The whole hadronic sector is described 
by the B°-meson decay constant Fb, pai'ameterising the matrix element { 0 \bY 5 Y^s\B^{p)) = iFb.p^- 
The mode belongs therefore to the cleanest and most interesting rare B decays. 

A highlight of LHC run 1 is the observation of the S'* —)• decay in a combined analysis 


by the CMS and LHCb collaborations |63]. The corresponding branching ratio reads 




At+At-) = (2.8^°;^)xl0-^ 


(4.1) 


while the most recent theoretical SM analysis gives the following result [|^, : 

^(5° ^ = (3.66±0.23) x 10^^ 


(4.2) 


Thanks to the sizeable decay width difference AT^ of the B^-meson system, a subtle difference 
arises between the time-integrated “experimental" branching ratios and their “theoretical" counter¬ 
parts [^]. In the latter quantities, the effects from B^-B^ mixing are “switched off" by considering 
decay time t = 0 |^, W|. In the case of the B^ — p^p^ decay, this effect at the 10% level is par¬ 
ticularly relevant for the search of NP and has to be properly included when comparing experiment 
with the SM prediction [j^. In fact, ( |4.2| ) takes these effects into account and refers actually to the 
time-integrated branching ratio, thereby matching the experimental result in ( |4.![ ). 

The combined analysis of the CMS and LHCb data has also resulted in a measurement of the 
branching ratio of the B^ ^ p^p^ channel 


^{B°^ p^p^) = (3.9+};^) X 10^ 


10 


(4.3) 


On the other hand, the SM prediction is given as follows [ 64, 65 ]: 

m{B^} p+p^) = (L06±0.09) X 10^^°. 


(4.4) 


It is useful to consider the ratio 1% = ^{B^ —)• p^p^)/l^{B^ — p^p^) [|^. In this quantity, the 
ratio Fbj/Fb^ enters, which can even be more precisely be calculated by means of lattice QCD than 
the individual decay constants. The SM prediction reads M = 0.02951 qqq25 til]- Thanks to its 
construction, the quantity M takes also in models with MFV the SM value. The fit of the combined 
CMS and LHCb data gives = 0.14+QQg, which agrees with the SM at the 2.3 a level This 
interesting experimental situation could indicate a deviation from the SM and models with MFV. 
The LHC data could hence be first indirect hints of new particles and interactions entering the 
corresponding Feynman diagrams. It will be exciting to monitor the future developments. 

The measurement of the —)■ p^p~ branching ratio at the LHC requires the use of normali¬ 

sation channels : 

fg(B^^^p+p-) = lM{B,^X)^^i^. (4.5) 

Nx Js 


9 
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In this relation, where the N are event numbers and the e factors detector efficiencies, the ratio of the 
fragmentations functions fs/fd is the major limiting factor. This hadronic quantity can be extracted 
form experimental data. Nevertheless, the —)• branching ratio cannot be measured with 

arbitrarily high precision at the LHC upgrade by simply collecting more and more statistics. 

The question comes to mind whether there is actually an observable of the rare —)• 

decay beyond the branching ratio that could be exploited at the upgrade era of the LHC. In fact, the 
sizeable decay width difference AL^ provides access to such a new observable |^], which 
can be extracted from a time-dependent untagged analysis: 


(r(B,(t) ^ ii-)) = r(s^(t) ^ ^ 

oc [co&h.{y,t/Z b,) + sinh(y,t/TsJ], 

where = Ari/2ri = 0.075 ± 0.012, and is encoded in the effective 


li+ll- 


IZ+H lifetime 


io limit) 


Id+H ))dt 




_ 

Jo{riB,it)^H+H-))dt l-y? 




(4.6) 


(4.7) 


J^ff — 


s/2n 


decay is given by 

V*V,ba [CioOio + CsOs + CpOp + C'm + C'sO's + C'pO'p] , (4.8) 


The general low-energy effective Hamiltonian describing the 
Gp 


where in the SM there is only a contribution from the operator 0\q = isY^PLb){£Yl^ fsi) with a real 
Wilson coefficient C™. The observable takes the following form 


= 

■^AT 


Pfcos{2q)p - ^^+) - |5'Lcos(2(p5 - ^^^) sm 


|P|2 + |Ap 


where 


p ^ ipi icpp ^ Gio-Cjo Ml^ 
— 1 -* ~r , 


^SM 

'^10 


2 m 




m 


= Wl-4 


m}. Mn 


B, 


Ml 2m^ 


mh + m^ 
nib 

mb + ms 


Cp-C'p 

^SM 

'^10 

Cs-C's 

^SM 

'-10 


SM 


SM 


0 . 


(4.9) 


(4.10) 


(4.11) 


It is interesting to emphsise that probes also the CP-violating NP phases cpp and (ps- 

The observable which is theoretically clean, offers a new degree of freedom to probe 


NP with the B 


0 


H+jj. decay. It is useful to introduce the following ratio 

^{B^s ^ H+H-)exp 


R = 




^{B^ ^ IJ.+Id-)SM 

1 +ysCosi2(pp-^^^ 




PP + 


, 2 (i/’r+m 

1 - 3 '. J 

l-y^cos(2(p5-0NP) 

l-J? 


(4.12) 


|A| 2 . 


The ratio R, which takes the current value of 0.82 ± 0.21, does not allow a separation of the P and 
S contributions. Consequently, NP contributions could still be present. Further information from 
the measurement of yields 


1*51 = 1^1 


i2(pp - ^NP) - 


I cos 


cos (295 - ^NP) -h ’ 


(4.13) 
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thereby allowing us to resolve this situation, as discussed in [67]. A detailed analysis of specific 
NP scenarios was performed in [|70|], showing that interesting regions for NP in observable space 
are left by the constraints from the currently available data on rare decays. 

The observable - or equivalently the effective —)• ^ lifetime - is a promising new 

observable for the physics agenda of the LHC upgrade. Experimental studies and further theoretical 
analyses in NP scenarios are strongly encouraged. 


4.2 New Observables in ^ 

In analogy to the —)• decay, the width difference AE^ can also be exploited in the rare 

decay —)■ (/)£+£“ [OI- Here an angular analysis is required and the situation is much more in¬ 
volved than in the case of —)■ in view of a much more challenging hadronic situation (form 

factors, resonances, etc.). It is useful to complement the search for NP thr'ough —)■ 

sketched below with B® —)• . Moreover, observables of the time-dependent analysis of the 

angular distribution of the B® —)■ ;■ decay offer new analyses as well. It will be 

interesting to fully exploit the physics potential of semileptonic rare B(^) decays at the Belle II 
experiment and the LHCb upgrade. 


4.3 Puzzles ins Semileptonic Rare B Decays 


LHCb data for B° —)• have recently received a lot of attention in the theory com¬ 

munity in particular the observable Bj of the angular angular distribution [72]-[[7^]. The ex¬ 
perimental pattern may indicate NP effects. However, the theoretical interpretation is challenging 
in view of hadronic effects, such as power corrections of the kind Aqqu/ nij, affecting form-factor 
relations and the impact of hadronic resonances. A detailed analysis has recently been performed 
in isa finding a sizeable tension between the data and the usual SM interpretation. Interesting 
future prospects are offered by the measurement of the dependence of the Cg Wilson coefficient, 
which allows to distinguish between underestimated hadronic effects and NP contributions. 

Another puzzling LHCb measurement has recently also moved into the spotlight (and was 
included in [fT^]). It is given by the following ratio [^]: 


Rk — 




= 0.745+|5;U^2± 0.036, 


(4.14) 


where the square brackets indicates the range of the bins between (1-6) GeV^. This observable 
offers a test of lepton flavour universalify [^T|]. In confrasf fo fhe B° —)• observables, Rk 

is a very clean quanfify, faking fhe SM value of one wifh excellenf precision [|^]. The deviafion of 
fhe LHCb measuremenf from fhe SM predicfion wifh 2.6 a significance may hence by an indica¬ 
tion of fhe violafion of lepfon flavour universalify. As fhe observable is very clean, hadronic effecfs 
cannof explain fhe LHCb cenfral value, in confrasf fo fhe sifuafion of fhe Pj observable. Conse- 
quenfly, if could be an experimenfal flucfuafion or a sign of physics beyond fhe SM which would 
violate lepfon flavour universality. In fhe recenf liferafure, assuming fhe exciting latter possibility, 
various fheorefical sfudies were performed, focussing on specific fheorefical frameworks such as 
leptoquarks, Z' models and composite Higgs scenarios. Lor a selecfion of references, see [^^-[^]. 
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In order to get the full picture in the pursuit of NP with the semileptonic rare B decays dis¬ 
cussed above, the search for lepton-flavour-violating processes is very interesting. Prominent ex¬ 
amples of such decays, which are forbidden in the SM, are B —)• Kfxe, B —)■ B'/it, —)■ /re and 
B_s —)■ /TT. A measurement of any of these modes would be an unambiguous NP signal. 

5. Conclusions and Outlook 

Exciting opportunities for B physics are ahead of us thanks to the recently started run 2 of 
the LHC, and to the Belle II experiment and the LHC upgrade in the more distant future. In 
this presentation, just a selection out of many interesting topics was covered. There are excellent 
prospects for measuring 7 , with pure decays of the kind B —)■ and B^ —)• DJK^ on the 

one hand and —)• K^K , B^ —)• decays on the other hand, where loop contributions are 

involved. New variants of the latter strategy using the U -spin symmetry were proposed and LHCb 
has presented first pioneering results. Concerning B —^ %K decays, the focus of SU (3) methods 
is changing from the determination of 7 to probing electroweak penguins, where B° —)• is a 

particularly interesting mode for Belle II. 

In future high-precision measurements of the B^ ^-B° ^ mixing phases it will be required to 
control penguin corrections. The B° —)• 7/t/rA's channel, which can be exploited at the LHCb up¬ 
grade, offers the cleanest control of such effects in the determination of (pd from CP violation in 
B^ J/yKs, while B° — 7 /t/r 7 r° will be interesting for Belle II. Lor the determination of (ps from 
B° —)• JIyP^ the B^ —)• J/yP^ mode is the key player, with first LHCb measurements on CP viola¬ 
tion putting already impressive constraints on the penguin effects and giving valuable insights into 
SU (3)-breaking effects. The B^ —)• J/yK*^ channel can also be added to a global analysis of the 
penguin par'ameters. A complementary setting is offered by B —)• DD decays. 

Rare B decays are currently a particularly exciting topic. The observation of B^ —)• in 

a combined analysis of the CMS and LHCb data is a highlight of run 1 of the LHC. It will be 
interesting to monitor also the situation for B^ —)• p^p^, where the current LHC data indicate a 
tension with respect to the SM and NP models with MLV. The effective lifetime of the B° —)• 
offers a new theoretically clean observable to complement the branching ratio measurement, which 
should be added to the physics agenda of the LHC upgrade. The LHCb data for the B° —)• K*^p^p^ 
channel and the measurement of the Rk = SS{B^ —)■ p^p^)/S^{B^ —> K^e^e~) observable 

have led to a lot of interest in the community. While hadronic effects may be underestimated in 
the former case, the latter observable is very clean and would indicate a violation of lepton flavour 
universality. Lurther intriguing patterns arise in the data for B — tv and B — D^*'>'CV decays. 
Concerning the latter mode, new results were presented at this conference by the LHCb |Q] and 
Belle collaborations. These “anomalies" have led to a large number of theoretical studies and 
speculations in the context with physics beyond the SM. 

In the future, it will hopefully be possible to resolve the discrepancy between the determi¬ 
nations of \Vub\ and |Vcfo| from inclusive and exclusive semileptonic B decays (see [^] for an 
overview). This long-standing problem affects the determination of the side Ry of the UT, which 
is - together with the angle 7 - a key parameter for the SM prediction of sin2j8 (see for a 
recent illustration). The LHCb collaboration has recently made the first measurement of \Vub \ from 
a baryonic decay, which is given by A° —)• p/r^v^ [p7[]. This determination exploits progress in 
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lattice QCD calculations of the corresponding from factors, and is in agreement with the average 
value of \Vub \ extracted from exclusive semileptonic B decays. 

It will be crucial for the full exploitation of B physics in the next decade to have continued 
strong interactions between theory and experiment. Key topics are related to the impact of strong 
interactions and hadronic physics, with issues related to the factorisation of hadronic matrix ele¬ 
ments of non-leptonic decays, SU (3)-breaking corrections in decay amplitude relations, and the 
optimal use of data to shed light on these issues. It is also important to think further about new 
observables to test the flavour sector of the SM and to further explore correlations and patterns 
between various processes in specific NP models. The latter studies will strongly benefit from the 
future results for direct NP searches by the ATLAS and CMS experiments. 

Looking at the current B-decay data, it seems that (2-3)a deviations from the SM are ac¬ 
cumulating. The crucial question is whether we are eventually revealing signs of new particles 
and interactions, or whether these effects will disappear with more sophisticated experimental and 
theoretical analysis. Interesting times with exciting prospects for B physics are ahead of us! 
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